Many microbes are important symbiotes of human. They form specific microbiota communities, participate in various kinds of biological processes of their host and thus deeply affect human health status. Metagenomic sequencing has been widely used in human microbiota study due to its capacity of studying all genetic materials in an environment as a whole without any extra need of isolation or cultivation of microorganisms. Many efforts have been made by researchers in this area trying to dig out interesting knowledge from various metagenome data. In this review, we go through some prominent studies in the metagenomic area. We summarize them into three categories, constructing taxonomy and gene reference, characterization of microbiome distribution patterns, and detection of microbiome alternations associated with specific human phenotypes or diseases. Some available data resources are also provided. This review can serve as an entrance to this exciting and rapidly developing field for researchers interested in human microbiomes.
INTRODUCTION
Microbes are invisible to our naked eyes but are major residents living on the earth. Any environment that can be imagined, such as water systems (oceans, lakes, rivers), soil, air, plants, animals including human, may harbor a set of microbes. They have significant influence on the environment or their host via complex interactions. And they play important roles on human health. They are small in size but often big in numbers. About 90% of cells in human body are of bacteria, archaea or some other forms of organisms, which are collectively known as microbiomes [1, 2] . They live in various sites such as gut, skin, mouth or airway. Some of them are pathogens which can cause various diseases [3, 4] , but most of them are friendly commensals that participate our metabolic system and help maintain our health status [5, 6] . They form specific microbiotas in their niches. Disorders of the microbiota may cause multiple types of diseases. 1 Researchers have long recognized that the study of human microbiota can improve our understanding of health. The traditional way studying microbiota is based on isolating and culturing each microbe strain separately, and studying their characters and functions. This kind of studies has given us much knowledge on microbes, but also has limitations. It has been reported that 99% of microbes cannot be isolated or cultured [7] . This implies that a vast number of microbes cannot be studied using the isolation approach. Another limitation is that microbes of a microbiota tend to live and function as members of a system rather than a group of isolated microbes [8] . In other words, microbes live as ecological communities. The traditional isolation-based techniques cannot reveal properties and functions of communities. New approaches are needed for understanding microbiomes.
In 1998, Handelsman et al. first used the term "metagenome", defined as "the collective genomes of soil microflora", in their research paper on soil microbes [9] . This concept started a new vision to study all microbes in an environment as a whole. With the help of DNA sequencing techniques, genetic materials from all microbes of the environment can be extracted and sequenced. Taxa and function information can then be extracted with various bioinformatics methods and strategies. With the development of next generation sequencing (NGS) techniques, it is now very convenient to investigate microbiotas using metagenome sequencing. This technology has been widely used in the study of the microbiomes in many types of environments such as oceans, lakes, soil, air [10] [11] [12] [13] . Because of the importance of microbiomes for human health, more and more researchers began to use metagenome sequencing to study human microbiotas [14, 15] .
Many metagenomic studies on human microbiomes have been published in recent years. They have covered many different aspects of human microbiomes and their impact on human health. Many data resources and knowledge have been accumulated rapidly from these studies. But they are scattered in multiple places and a systematic overview is lacking about what aspects of human microbiomes have been studied. In this review, we try to comb through major published metagenomic studies on human microbiomes. We organize the studies as three major categories: construction of taxonomic and/ or gene references of human microbiomes, characterization of microbiome distribution patterns, and detection of microbiome alternations associated with specific human phenotypes or diseases (Figure 1 ). Available data sources from existing studies are also summarized according to these categories. We hope this review can serve as a portal for researchers to quickly grasp an overall picture of existing studies on human microbiomes and build a basic understanding on the major discoveries in this field, and also serve as a reference for major publically available data resources on human microbiomes.
CONSTRUCTING RESOURCES FOR TAXONOMIC AND GENE ANNOTATION OF HUMAN MICROBIOMES
Metagenomes are the mixture of sequences from the genomes of microbiomes in an environment. The taxonomic unit, gene and gene function are three basic elements in metagenomic studies. Just like in the area of linguistics, dictionary plays a fundamental role. Constructing a complete list of all possible microbe taxa, genes and their functions in the environment is a basis for all microbiome studies. Many metagenomic studies begin with the identification of taxa, genes or annotated functions from metagenome sequences using existing references or forming their own de novo references. There are a number of studies aiming at building comprehensive references of microbiomes based on single projects or the integration of data from multiple projects. Table 1 illustrates some representative studies and websites of reference databases that are used frequently in metagenomic studies.
There are two major types of DNA sequences that are used to construct taxonomic reference: ribosomal RNA (rRNA) genes and whole microbial genomes. At the earlier days of metagenomic study, rRNA genes, especially 16S rRNA genes for bacteria and archaea and 18S rRNA genes for eukaryotic microbes, were most widely used. The 16S rRNA is an RNA gene with length of about 1,500 base pairs. It is regarded as an "evolutionary clock" [32] of microbes due to its highly conserved characters between different species of bacteria and archaea. One can identify the phylogenetic position of a microbe by comparing the sequence similarity of its16S rRNA gene with annotated rRNA gene references. Several well-organized rRNA gene databases have been constructed. SILVA [16] , Greengenes [17] and RDP [18] are the three most famous ones. [33] , https://rrndb.umms.med. umich.edu/) that contains systematically organized 16S rRNA copy number information for 2,865 bacteria and 160 archaea. The RDP classifier uses this database to make the copy-number adjustment.
Besides rRNA genes, the whole genome sequences (WGS) of microbes also serve as taxonomy reference. Researchers can identify the taxonomy information in their data set by directly mapping the sequencing reads to a whole genome reference using alignment tools such as BWA [34] , Bowtie2 [35] and SOAP2 [36] . The most traditional database is the NCBI Genome database (http:// www.ncbi.nlm.nih.gov/genome). It is updated frequently, and contains genome sequences of 8,075 bacteria, 521 archaea, 1,675 eukaryota (including non-microbes), 5,428 viruses and 48 viroids as of March 21, 2016 . Projects such as HMP (Human Microbiome Project) [25, 37] , MetaHIT [38] have used the genomes from NCBI as their references. Software such as Kraken [39] for taxonomy profiling and NeSSM [40] for simulating metagenome sequence procedure also use NCBI genomes as their fundamental database. The IMG (Integrated Microbial Genomes) [20] is also a famous database, which provides both reference genomes and sequences of public metagenome studies. Its newest version (updated on March 7, 2016 [26, [41] [42] [43] . The taxonomy profiling tool MetaPhlan uses the marker genes from IMG database to do taxa reconstruction [44] . There are also some site-specific databases. The Human Oral Microbiome Database (HOMD, http://www.homd.org [21] ) is a good example, which included microbes from human mouth, and re-organized the taxa with their own Human Oral Taxon (HOT) number. Up to March 21, 2016 , it contains 731 taxa with 406 of them have at least one annotated genomes (1,530 annotated genomes in total). It is widely used by studies targeting on oral microbiota [45] [46] [47] .
It should be noticed that the majority of genomes provided by the above databases are based on the isolation and culture of the sequenced organisms, but the diversity of a microbial community extends far beyond the cultured organisms. With higher throughput of sequence platforms and deeper sequencing of metagenome data, some studies try to assemble new genomes from metagenome short reads in a de novo manner [22] . Although this kind of 
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Not specific 4,842 metagenome samples from 244 projects https://img.jgi.doe.gov/cgi-bin/m/main.cgi assembled genomes are not as validated as genomes from traditional ways, they provide means to uncover the unknown taxa.
The usage of whole metagenome sequencing goes far beyond taxonomy identification and profiling. An important part is that we can identify the gene composition of a microbial community and figure out the functions the microbes play in their habitat. Moreover, the genes, as functional units, which are more conserved comparing with species, are more deeply understood by researchers. Large amounts of metagenomic gene reference resources have been generated by various projects.
Gene references can be built from high throughput WGS data. Sequencing reads are first assembled using tools such as SOAPdenovo2 [48] , MetaVelvet [49] and Meta-IDBA [50] . Then ORFs (open reading frames) can be predicted from the assembled sequences using tools such as MetaGeneMark [51] and Glimmer [52] . When constructing a final gene reference catalogue, there is often an extra step removing the redundancies inside the catalogue. Tools like CD-HIT [53] and UCLUST [54] are alternative. In the HMP project, 681 samples from multiple body sites were sequenced as WGS samples for gene catalogue construction. They constructed a gene catalogue with about 15 M non-redundant genes in total. The project tremendously extended our horizon about human microbiota, and provided a systematic and comprehensive reference for future studies. In another project, Oh et al. collected 263 specimens from 18 body skin sites of 15 healthy adults to build a "multi-kingdom skin microbial catalogue" with about 5.9 M genes [28] . Human gut is the most frequently studied body site in metagenomics and many gut microbial gene references have been built by different studies. The MetaHIT (Metagenomics of the Human Intestinal Tract) project is one of them. The MetaHIT Consortium collected fecal samples from 124 European (Denmark or Spain) adult volunteers as the first cohort, and constructed a catalogue with about 3.3 M non-redundant genes in the year 2010 [38] . They further expanded the dataset to 760 European (Denmark or Spain) adults [22, 55] , which resulted in a more complete gut gene catalogue with about 8.1 M genes. The largest gut gene catalog for now was built by Li et al. in 2014 [26] by integrating the catalogue from samples of MetaHIT, 368 Chinese adults from Qin et al. [41] and the 139 American adults from HMP [25] . They named this integrated gene catalogue as 3CGC (three cohorts non-redundant gene catalog), and further merged it with a reference genome-based gut related gene catalogue SPGC (sequenced prokaryotic gene catalog), resulting in an integrated gene catalogue (IGC) of gut microbiota with about 9.9 M genes [26] . Qin et al. recruited a cohort of 181 Chinese samples with 98 liver cirrhosis patients and 83 healthy individuals, and constructed a 2.7 M gut gene catalogue [27] . Feng et al. collected and sequenced 156 fecal samples and constructed a non-redundant catalogue with about 3.5M genes [29] . The samples contain healthy controls and patients of advanced adenoma or carcinoma.
The gene references built from WGS studies include both known genes and new genes. For known genes, there are databases providing sequence information and functional annotations. The NCBI nr database (ftp://ftp.ncbi. nlm.nih.gov/blast/db/) [19] provides "all non-redundant GenBank CDS translations + PDB + SwissProt + PIR + PRF excluding environmental samples from WGS projects". It is the default database of NCBI online BLAST tool. Most WGS-based gene catalogues contain genes that can be mapped to the NCBI nr database and also genes that cannot be mapped. [58] and TIGRFAMs [59] are also for functional annotations. As databases often have cross-references to each other, especially the NCBI entry can be linked by most of databases, tools have been developed to parse NCBI mapping results to other annotation databases. MEGAN (MEta Genome Analyzer, http://ab.inf.uni-tuebingen.de/software/ megan5/ [60] ) is a good example, which can report KEGG, SEED and COG annotations just from an NCBI mapping file.
As more and more metagenomic data are being generated, researchers need comprehensive platforms for storing and arranging public metagenomic data from multiple projects. This kind of resources can help us find data of interest, download them and study them, which can promote data collaboration. There are already several well-organized data sources of this kind. The MG-RAST (Metagenome RAST, with "RAST" for "Rapid Annotation using Subsystem Technology", http://metagenomics. anl.gov/) website is a representative. It was first published in 2008 [30] . It has three main features: storing metagenomic data, processing user-uploaded data, and comparing multiple samples. Now it contains 1,159 metagenomic projects with 33,809 samples (by March 21, 2016 ). For each sample, it provides a brief summary for each data processing step such as quality control, function distribution, taxonomy distribution. Users can also upload their own data and use MG-RAST to process them. The dictionary of metagenomes and their genes is still far away from complete. While generating more metagenomic data, researchers should also make efforts to improve the technology and computational methods to construct these references.
CHARACTERIZATION OF MICROBIOME DISTRIBUTION PATTERNS
Microbes interact with each other and with their habitat in a complicated manner. Characterizing the microbiome distribution patterns of different microbial communities is an important step to understand this mechanism. Many studies have focused on investigating the general characters of specific microbial communities across people.
Some early studies toward this direction described the compositional members of different microbial communities and how they distributed among populations [26, 28, 38] . One of the main aims of the HMP project [25] is to characterize the specialization of microbial communities in different body sites of healthy human via analyzing both inter-and intra-individual diversity.
As more and more studies indicate the large diversity within and among individuals, many researchers try to summarize the distribution patterns in a discrete view. In human vagina microbiome studies, clustering methods to find potential groups in microbial abundance profiles have been widely used. In 2007, Zhou et al. used the word "community type" to refer to the identified groups by categorizing the 16S rRNA T-RFLP (terminal restriction fragment length polymorphism) data [61] . The "community type" was also called "community state types (CSTs)" in some later studies. Some studies further investigated the associations between vagina CSTs and vaginal health in groups of particular ages [62, 63] , with the influence of HIV treatment [64, 65] , in pregnancy and birth [66] [67] [68] , and so on.
In human gut microbiome studies, the concept of "enterotypes" was first proposed by Arumugam et al. in 2011 [69] , similar with the concept of CST in human vagina microbiota studies. Arumugam et al. found three clusters in human gut microbiome phylogenetic structures using partitioning around medoid (PAM) method and named each cluster as an "enterotype". Each enterotype is enriched by one specific genus (Bacteroides, Prevotella or Ruminococcus, respectively) and has its own genera cooccurrence network. The three-enterotypes phenomenon was found in different human gut metagenome datasets, which indicated that the structure of our gut microbiota may behave in a similar manner as the A/B/O blood types. Some studies also confirmed the three enterotypes in their own datasets [41] and many studies found enterotypes with slight differences comparing to the original ones [29, 70, 71] such as the enriched genus and the number of the enterotypes. There is no clear and consistent understanding of how different enterotypes influence human yet. The works of Qin et al. [41] and Arumugam et al. [69] found no significant relationship between enterotypes and host phenotypes (such as age, gender or T2D diseases), but Wu et al. [70] found a strong association between enterotypes and long-term diet. Moeller et al. [71] even found that enterotypes can be switched across a long period of time over a year. Moreover, the rational of the enterotype hypothesis was also doubted by some studies, which suggested a gradient manner in changes of human microbial communities instead of summarizing the variations in a few discrete types [72, 73] .
In 2014, Ding et al. [74] extended the concept of enterotypes in gut or CSTs in vagina to the characterization of the structure of microbial communities across different body sites. Using a Dirichlet multinomial mixture (DMM) model, "microbial community types" were detected in different body sites. They observed that individual phenotypes can be related with these community types and community types also have strong correlations between oral and gut sites. They also studied the stability of community types at oral, gut and vagina sites.
Different from the cluster-based studies trying to group the microbial diversity into limited or consecutive classes, some studies were designed to investigate the discriminant power of microbiome composition. An example is the "metagenomic code" concept proposed by Franzosa et al. in 2015 [75] . The work was asking whether the microbial compositional variation is sufficient to mark personality. They built body-site-specific metagenomic codes based on the first visit of HMP individuals and test their performance on samples of the second visit. This study indicated that the strain-level variation in stool site microbiomes has the highest potential to identify individuals.
The above studies can all be viewed as studies on sampled static portraits of human microbiome distribution in a human population. Dynamics of microbiome distribution patterns have also been studied by some researchers. Sharon et al. collected 11 fecal samples from a premature infant during the first month of life and tracked variations at species and strain levels in microbial communities [76] . Faith et al. studied the long-term dynamics and stability of human gut microbiota using 16S rRNA sequencing on fecal samples of 37 healthy adults in the course of 296 weeks [77] . Lozupone et al. investigated the factors that influence the stability of gut microbial community and how they behave once being interrupted [78] . David et al. studied the daily dynamics of two individuals in their gut and salivary microbiota in one year and found that the microbial communities are general stable, but "can be quickly and profoundly altered by common human actions and experiences" [79] . Table 2 gives a summary of the studies reviewed in this section.
DETECTIONS OF MICROBIOME VARIA-TIONS ASSOCIATED WITH SPECIFIC HUMAN PHENOTYPES OR DISEASES
As the "second genome" of human beings, microbiomes have deep influences on individuals' health. Based on the knowledge of the general characters of microbial communities, digging out the major shifts or variations in the microbiome community associated with phenotypic changes, such as host habitats, age and especially human diseases, is a major goal of the metagenomic research community. Table 3 lists some representative studies on this direction.
Nutrition-related diseases are among the earliest research targets of metagenomic studies. Many microbiome studies on obesity, diabetes, kwashiorkor and diet have been reported. For example, in 2013, Le Chatelier et al. collected fecal samples from 292 individuals including 169 obese samples. They investigated gene richness in the non-obese and obese groups, and found several bacterial species that have strong relations with low or high gene richness and obesity [55] . The kwashiorkor study by Smith et al. collected samples of 317 Malawian twin pairs to study the gut microbiota differences between healthy children and kwashiorkor children under a diet treatment [80] . David et al. studied the effect of diet on human gut microbiome by recruiting ten volunteers participating in a 15-day diet plan to observe the influence on gut microbiota by plant-based or animal-based diet [84] .
Results show notable effects brought by diet changes, overcoming the effect by individual genetic difference. Qin et al. studied the association of gut microbiome with type-2 diabetes (T2D) [41] . Bowl diseases such as IBD (inflammatory bowel disease) and IBS (irritable bowel disease) were also wildly studied [38, [86] [87] [88] . Microbiome research on cancer also takes a large part of metagenomic studies [29, 91, 92] . Many other interesting host phenotypes, such as smoking [101] , living in urban/ countryside [93] , and pregnancy [67, 94] , have also been studied. Most of these works studied gut microbiomes using stool samples. There have been studies based on dental samples such as sub-or super-gingival plaques [95] [96] [97] , or even ancient dental calculus [83] . Sputum samples are often used in respiratory disease studies [99, 100] . Studies using sample from other sites such as saliva [67, 104] , vaginal [67] , and some more complex forms of samples, such as biopsy samples [98] or samples from respiratory tract [101] have also been reported. Some studies aimed at multiple phenotypes. They studied not only relationships between microbiota communities and phenotypes, but also the cross effects of different phenotypes on the community, and which factor is more influential. Yatsumenko et al. investigated the microbiome alternations across host age and geography [102] . They collected fecal samples of 531 individuals including mono-or dizygotic twins. The individuals came from 151 families across three countries (Malawi, Venezuela and United States). They used their phylogenetic profiles and function profiles of 110 of them to show the influence on gut microbiota by age, geography and human gene content. Though the structure of gut microbiota and functions vary among the three populations, they share similar functional changes along with the growth of age. Lax et al. collected the skin and homesurface samples of 7 families for over 6 weeks [106] , and found that each family has their own microbiota pattern, and this pattern can even affect the microbiota of their living environment rapidly.
DISCUSSION
Human microbiome study is rapidly becoming a hot research topic nowadays, displaying huge potentials in forming a systems biology understanding of human health that includes microbiomes as parts of the system. We reviewed major representative studies in recent years under three categories. Studies for constructing taxonomic or gene references have created many basic resources for further metagenomic research. Studies for characterization of the microbiome distribution patterns are toward building understandings on the general properties of microbiome composition. And studies for associating microbiome variations with specific phenotypes or diseases are opening the door for uncovering the interaction between microbes and their hosts in health and disease.
During the writing of this review, new publications kept coming in all aspects of microbiome study. Kuleshov et al. updated the understanding of human microbiome complexity [107] by applying a quite deep sequencing using Illumina TruSeq synthetic long reads sequencing technique on a human gut microbiome. They assembled long contigs from the data and observed vast number of intra-species variation. Forslund et al. focused on the gut microbiome alternations with treatment on type-2 diabetes [108] . They studied how metformin treatment affect gut microbiota community using 784 human gut metagenome samples of T2D or non-T2D individuals, and revealed its therapeutic effects on T2D in a metagenomic view. Liu et al. found that the fecal miRNAs generated by human or murine are also very important for gut microbial composition [109] . They showed that the phenotype "host miRNA structure" provides a new angle to explain how host interact with gut microbes and shape the gut microbial structure.
Besides the studies reviewed in the three categories, there are many other interesting topics that do not belong to those categories. For example, all studies discussed above are based on the taxonomy, gene and gene function features obtained from metagenome sequencing data. Actually, there is another major type of feature called kmer or k-tuple features which are the frequency of nucleotide words of length-k in the metagenome sequences. They can calculated more efficiently without depending on existing references, and can be associated with microbiome genotypes as well as host phenotypes (e. g., [110] [111] [112] ). This is a direction with high potential that has not been put on sufficient attention. Most of studies we reviewed in this paper are studies on prokaryotic and eukaryotic microbes. Human viromes are also an important emerging area in metagenomics. Recent studies in this area have reported associations between viromes and human health [113] [114] [115] [116] [117] [118] , providing deeper understanding of the symbiotic mechanisms of human and the ubiquitous virus. Application topics such as the prebiotic concept [81] , probiotics [119, 120] , microbiota transplant [121] or microbiota-targeted therapies [122] , also have not been discussed, nor those microbiome studies based on animal models [123, 124] .
Although the door to the microbiome world has been opened and many recent work have reported a variety of interesting and promising views in this field, we are still at the starting phase of metagenome research. This review focused on the scientific questions of existing studies, but did not cover much of the bioinformatics methods and tools that are crucial to enable those studies [125] . With the rapid development of next generation sequence techniques, the accumulation of data far exceeds our ability in handling, analyzing and understanding the data. For a typical single metagenomic sample, we can have more than 50 M sequencing reads corresponding to about 20 GB raw data file. A small-scale project with 100~200 sample can easily generate more than sequence files at TB level. The efficiency of storing and accessing such data can already be a challenge for a biological lab, let alone all the assembly, mapping, annotation and analysis tasks. For almost all metagenome studies, one needs to extract features (such as the taxonomy, gene and function profiles) from data, based on which downstream analysis aiming at knowledge discovery is conducted. However, methods for all these tasks are far from perfect yet. In fact, for many important steps, several methods have been developed but different methods may produce different results. Take the taxonomy profiling step as an example, one can choose alignment tools such as BWA [34] , Bowtie2 [35] or SOAP2 [36] and profiling methods such as MEGAN [60] or self-designed rules. One can also use one-stop methods such as MetaPhlAn [44] or Kraken [39] . Both the numbers of species and their abundances estimated with those approaches can be quite different on the same data [125] . Other steps such as metagenome assembly and gene prediction also have similar problem. Solution or improvement on this issue needs deeper understanding of the nature of metagenome data and the development of better bioinformatics methods. A solid theoretical foundation of microbiome analysis is still to be established. For example, in studies on microbiome associations with host phenotypes or diseases, many features can be picked but their discriminating power may need more stringent investigation. The recent debate of Bajaj et al. and Qin et al. [126] on the cirrhosis research of Qin et al. [27] is a reflection of this need. Basic study on the heritability and evolution of microbiomes is still largely open [8] . There remain a lot of places in shadow awaiting for us to put light on. Solving these questions will bring us brand new sights in reading the book of metagenomes, which require the active participation and collaboration of scientists from a wide range of disciplines from biology to computer science and statistics. Global cooperation of microbiome research has been advocated and an International Microbiome Initiative (IMI) was proposed [127] . We can foresee a very bright future of metagenomic studies that will eventually lead us to the systematic understanding of the complex system of a human being and its numerous "tiny friends", the microbiome.
